The achievement of a well-balanced total knee arthroplasty is necessary for long-term success. We hypothesize that the dislocation of the patella during surgery affects the distribution of loads in the medial and lateral compartments. Intraoperative load sensors were used to record medial and lateral compartment loads in 56 wellbalanced TKAs. Loads were recorded in full extension, relaxed extension, at 45 and 90°of flexion at full gravity-assisted flexion, with the patella in four different positions: dislocated (everted and not), located, and located and secured with two retinacular sutures. The loads in the lateral compartment in flexion were higher with a dislocated patella than with a located patella (P b 0.001). A lateralized extensor mechanism artificially increases in the lateral compartment loads in flexion during TKA surgery. Instruments that allow intraoperative soft tissue balance with the patella in a physiologic position are more likely to replicate postoperative compartment loads. Level of evidence: II (prospective comparative study). Soft tissue imbalance in a total knee arthroplasty (TKA) leads to suboptimal in-vivo knee kinematics and early failure [3, 12, 16] . A properly balanced knee is that in which the surgeon has achieved a rectangular flexion gap that is equal in size to the rectangular extension gap. This is obtained by the combined effect of bone cuts, implant sizing and rotation, and selective soft tissue releases.
Soft tissue imbalance in a total knee arthroplasty (TKA) leads to suboptimal in-vivo knee kinematics and early failure [3, 12, 16] . A properly balanced knee is that in which the surgeon has achieved a rectangular flexion gap that is equal in size to the rectangular extension gap. This is obtained by the combined effect of bone cuts, implant sizing and rotation, and selective soft tissue releases.
Surgeons have used different philosophies to achieve balance during surgery: an "anatomic technique" in which the surgeon aims at rotating the femoral component parallel to the epicondylar axis in every case and then perform soft tissue releases to balance the gaps; and the "gap balance technique" in which the surgeon will determine femoral rotation by the tension of the medial and lateral soft tissue sleeve with the knee in 90°of flexion. In the latter technique, soft tissue releases to balance the flexion gap are minimal [2, 14] .
Regardless of the technique used to determine femoral component rotation, the shape and width of the flexion and extension gaps have been assessed intraoperatively using different instruments including laminar spreaders, blocks, tensioning devices [17] , load measuring devices [6, 13] , and navigation [8, 11] . In order to visualize the lateral joint space and assess balance, the surgeon will lateralize the patella (with or without eversion) [4] .
It is conceivable that a dislocated patella changes the loads perceived by the surgeon in the medial and lateral compartments as the extensor mechanism may act as a lateral tether [4, 7, 18] . If the hypothesis is confirmed, achieving adequate intraoperative balance with a dislocated patella may result in suboptimal balance postoperatively once the medial retinaculum has been closed.
The purpose of our study is to assess the intraoperative compartment loads during TKA with different positions of the patella and extensor mechanism. We hypothesized that the position of the patella during gap assessment influences the distribution of loads on the medial and lateral compartments of the knee.
Materials and Methods
This study was IRB approved. Fifty seven consecutive patients undergoing 60 posterior stabilized TKA (Triathlon Knee System, Stryker, Mahwah, NJ) by a single surgeon (AGDV) between July and November 2013 were considered for this study. Four patients (4 knees) were excluded: three patients required a small size tibial component for which the load measuring device used in this study was not available; and one patient required a constrained polyethylene insert due to inability to achieve adequate soft tissue balance. The remaining 53 patients (56 knees) were included in the study. As the study focuses on assessing the intraoperative compartment loads in each knee, the knee and not the patient was considered the unit of the study. There were 14 male and 42 female patients with an average age of 69 years (SD:10) and average BMI of 30 (SD: 4.7). The right knee was affected in 33 cases.
All surgeries were performed using standardized regional anesthesia and surgical techniques [1] . In addition, the tourniquet was inflated while holding the knee in 90 to 110°of flexion in order to avoid strangulation of the quadriceps tendon in extension, which could have affected our experiment. A medial para-patellar approach was utilized. The tibia was cut using a 0°slope guide and perpendicular to the coronal mechanical axis of the tibia using an extramedullary jig. The distal femur was cut in 5°of valgus using an intramedullary alignment jig. The extension gap was balanced by performing selective soft tissue releases. Assessment of soft tissue balance was performed utilizing standard blocks. Femoral component rotation was determined by the epicondylar axis (anatomic rotation technique) [1, 9] . After sizing and cutting the distal femur, the PCL, menisci and posterior osteophytes were resected. Assessment of balance in flexion was achieved by a combination of laminar spreaders and spacer blocks. A well-balanced knee was defined as that with an opening of 3 mm or less in either compartment during varus and valgus stresses in extension and 90°of flexion.
Once the surgeon considered that the knee has been properly balanced in full extension and 90°of flexion, the trial components were inserted. A lateral release was needed to balance the patellofemoral joint in 9 knees (16%). Finally, a novel radiofrequency-based electronic load sensor device with a shape and thickness of the selected polyethylene insert was inserted and locked in the tibia tray (VERASENSE Knee System-Orthosensor Inc., Dania Beach, FL). Utilizing sensor-derived data, the surgeon evaluated the combined tibiofemoral relationship and inter-compartmental loading throughout range of motion. Final adjustment of tibial rotation was made based on the contact points shown by the balancer in order to achieve symmetric contact points in extension and flexion of 90°. If additional soft tissue imbalance was detected, further releases were made attempting at achieving a load differential ≤15 lb as recommended by the manufacturer and previous investigators [6] .
At this point the TKA was considered to be balanced and medial and lateral compartment loads were obtained with the knee in 5 different positions: (1) full, gravity-assisted extension, (2) relaxed extension, (3) 45°of flexion, (4) 90°of flexion and (5) full, gravity-assisted flexion. For the first measurement (full gravity-assisted extension), the knee was kept in an extended position on the operating table and the heel was lifted until the posterior aspect of the knee was separated from the table. This allowed tightening of the posterior knee capsule. Relaxed extension was achieved with the knee extended and interposing the surgeon's hand between the knee and the table, thus relaxing the posterior knee capsule. Forty-five and ninety degrees of flexion were obtained by passively bending the knee keeping the heel supported by the surgeon's hand. Full gravity-assisted flexion was achieved by flexing the hip to 90°and allowing the knee to bend freely. This sequence allowed obtaining medial and lateral compartment loads for 5 different knee positions (10 data points). The sequence of load measurements was performed four times: (1) with the patella located in the femoral trochlea and the medial retinaculum open; (2) with the patella dislocated but not everted; (3) with the patella dislocated and everted; and (4) with the patella located in the trochlea and the medial retinaculum closed with two provisional stitches in the superior and interior border of the patella. This resulted in 40 load values recorded for each knee. The sequence of measurements was followed by final cemented knee implantation.
The load measurements were used to study five outcome variables: (1) load on the medial compartment; (2) load on the lateral compartment; (3) differential load between compartments resulting from the subtraction of the medial loads from the lateral loads (a positive value indicated higher loads medially and a negative value indicated higher loads laterally); (4) absolute load difference between compartment (the higher compartment loads were subtracted from the loads in the other compartment); (5) and the sum of compartment loads in the medial and lateral compartment.
The rationale behind the choice of outcome variables is the following: the first two outcome variables were selected to study the loads in the two compartments independently. The last three variables were chosen to determine the relationship between loads in the two compartments: The differential load between compartments (outcome variable #3) was chosen to study the direction of potential shifts in load (medial to lateral or lateral to medial). Positive values indicate higher medial pressures while negative values indicate higher lateral pressures (medial pressures − lateral pressures = load differential). The absolute pressure differential (outcome variable #4) was chosen to study if load changes occur regardless of the direction of the shift. The sum of compartment loads (outcome variable #5) was chosen to investigate the total loads across the knee.
Statistical Analysis
A power calculation to determine the sample size was based on the comparisons between four patella positions when knee is at 90°of flexion. Data from a previous study by Yoshino et al [18] which investigated measurement of joint gap with patella everted and reset position during TKA were used to determine the required sample size. The study found a minimum load of 11 N (2.5 lb) to be statistically significant. Assuming a standard deviation of 2.25, a sample size calculation indicated that a sample of 56 knees would be necessary to achieve 81.2% power using the Kruskal-Wallis Test with a target significance level of 0.05. Descriptive as well as inferential statistics were performed in assessing the intra-operative load measurements with different positions of the patella and knee flexion angles. The load measurements were summarized using means and standard deviations. Multiple linear regression based on generalized estimating equation (GEE) approach was used to determine whether load measurements differed among patella position and across different knee flexion angles. The GEE method does not require a particular distribution for data and is able to adjust for repeated measurements in the same knees, leading to a robust parameter estimation. The regression model included patella position and knee flexion angles as independent variables. We also included the interaction between patella position and knee position to further investigate whether the effect of patella position is significant at each level of knee position and whether the effect of knee position is significant at each patella position. Post hoc pair-wise comparisons were conducted between all pairs of patella positions for different knee flexion angles and between all pairs of knee flexion angles for different patella positions. The Holm-Bonferroni step-down procedure was used to control the family-wise type I error rate. With the GEE approach, we used the robust estimate of the standard errors and Z-statistic for inference on regression parameters. All statistical tests were two-sided with a significance level of 0.05. All analyses were conducted using SAS for Windows 9.3 (SAS Institute Inc., Cary, NC).
Results

Medial Compartment Loads
Lower loads in the medial compartment were observed with the patella dislocated (everted or not) and higher with the patella relocated in the femoral trochlea with and without provision closure of the medial retinaculum (Fig. 1) . The medial compartment loads were the highest when the knee was held in full extension regardless of the position of the extensor mechanism. There was a substantial reduction of medial compartment loads from full extension to relaxed extension (range: 11.3 to 13 lb) (Appendix Table 1 ; available online at www. arthroplastyjournal.org). Such reduction was unaffected by the patellar position. From the position of relaxed extension to full flexion there was a tendency to a progressive reduction of medial compartment loads. The total load reduction was 1.6 lb when the patella was located and the retinaculum provisionally closed, 4.3 lb when the patella was located without provisional retinacular closure, 5.4 lb when the patella was everted, and 7.3 lb then the patella was dislocated and not everted (Appendix Table 1 ; available online at www.arthroplastyjournal.org, Fig. 1 ). The loads on the medial compartment with a dislocated patella (everted or not) continued to decline with higher flexion whereas those observed with the patella located in the trochlea did not drop after 90°o f flexion. With regard to the medial compartment loads seen at each flexion angle, no substantial difference was seen in full and relaxed extension regardless of patella position. However, significant differences were seen at each of the subsequent flexion angles ( Table 2 ; available online at www.arthroplastyjournal.org).
Lateral Compartment Loads Throughout Range of Motion
The lateral compartment showed a bimodal loading pattern throughout range of motion ( Fig. 2-Appendix Table 1 ; available online at www.arthroplastyjournal.org). High loads were seen with the knee held at full extension regardless of the patellar position. There was a reduction of loads when the knee was taken from full to relaxed extension and an increase in loads when the knee was flexed to 45°. This increase in loads was higher when the patella was dislocated (everted or not) (8.6 and 9.5 lb respectively) than when the patella was located in the trochlea with or without provisional retinacular closure (5.5 and 5.3 lb respectively). From 45°of flexion, there was a progressive reduction in lateral compartment loads. Such reduction was higher with a dislocated patella (everted or not) (14.7 and 15.9 lbs respectively) than with the patella located in the trochlea with or without provision retinacular closure (3.4 and 4.4 lb respectively). Lateral compartment loads were significantly different with different patellar positions at each flexion angle (Appendix Table 3 ; available online at www.arthroplastyjournal.org).
Load Differential Between Compartments
The load differential between compartments was different when the patella was held in the trochlea than when the patella was dislocated (everted or not) (Fig. 3 , Appendix Table 1 ; available online at www. arthroplastyjournal.org). The loads throughout range of motion shifted from the medial to the lateral compartment regardless of the patella position. However, the shift of loads to the lateral compartment was much higher when the patella was dislocated (everted or not). This was predominantly seen at 45 and 90°of flexion. The load differential observed with each of the four patellar positions equalized when the knee was held in full gravity-assisted flexion. The load differential was similar regardless of the position of the patella at full extension, and full flexion (Appendix Table 4 ; available online at www.arthroplastyjournal.org). The highest shifts of loads toward the lateral side were seen at supported extension, 45 and 90°of flexion when the patella was dislocated (everted or not) (Fig. 3) .
Absolute Load Differential Between Compartments
The absolute load differential between compartments detected with a reduced patellofemoral articulation was different that that observed with a dislocated patella (everted or not) (Fig. 4 , Appendix Table 1 ; available online at www.arthroplastyjournal.org). The absolute load differential decreased from full extension to relaxed extension regardless of patella position. This was followed by an increase in the absolute load differential at 45°. Such increase was significantly larger with a dislocated patella (everted or not) than with the patella in a physiologic position. After 45°of flexion the absolute load differential diminished substantially when the patella was dislocated (everted or not); whereas it diminished slightly when the patella was located with or without provisional retinacular closure. The absolute load differential was similar regardless of the position of the patella at full extension and supported extension (Appendix Table 5 ; available online at www. arthroplastyjournal.org). The absolute load differentials were Table 2 and P values are displayed in Appendix Table 1 . PLWOC: patella located without clossure; PLWC: patella located with provisional clossure; PL: patella lateralize; PE: patella everted. Table 2 and P values are displayed in Appendix Table 2 . Table 2 and P values are displayed in Appendix Table 3. significantly higher with a dislocated patella (everted or not) than with a reduced patellofemoral articulation at 45 and 90°of flexion (Appendix Table 5 ; available online at www.arthroplastyjournal.org).
Sum of Compartment Loads
The total loads seen across the knee (the sum of the loads in the medial and lateral compartments) were highest with the knee in full extension [mean: 57.7 lb (range: 56.7-58.2 lb)] (Fig. 5 , Appendix Table 1 ; available online at www.arthroplastyjournal.org). The loads decreased on an average of 22 lb (range 34.6 to 39.9) when the knee was held in relaxed extension. At 45°of flexion, the loads increased for all patellar position groups. After 45°of flexion, the loads remained constant when the patella was in a physiologic position (with or without provisional retinacular closure). However, the loads diminished from 45°of flexion to full flexion when the patella was dislocated (everted or not). The sum of loads was not affected by the patellar position when the knee was held at full and relaxed extension. Significantly higher total loads were seen at 45 and 90°of flexion with an everted patella compared to the rest of the patellar positions. At full flexion, the loads observed with a dislocated patella were significantly lower than those observed with the patella in a physiologic position (Appendix Table 6 ; available online at www.arthroplastyjournal.org).
Discussion
Achievement of adequate ligament balance during TKA surgery is necessary for a successful outcome. The patella is lateralized or everted in order to adequately visualize the lateral compartment and balance the flexion gap. It is conceivable that a dislocated patella and consequently lateralized extensor mechanism would act as a tether and consequently affect the compartment loads [4, 5, 7, 11, 18] .
The purpose of this study was to evaluate the intraoperative effect of patellar position on the loads of the medial and lateral compartments of the knee during TKA. We observed that the dislocation of the patella (with or without eversion) and subsequent lateralization of the extensor mechanism altered the load distribution on the medial and lateral compartments. The loads observed when the patella was dislocated do not reflect the loads observed when the extensor mechanism was in physiologic condition. These changes were predominantly evident at 45°, 90°of flexion and at full, gravity-assisted flexion. It should be noted that the values listed for loads obtained with this particular device were determined after bony preparation and balance had been established. These values should not be extrapolated to a normal, non-arthritic knee.
This study has limitations. First, in order to control for confounding variables introduced by the implant, the surgical technique and the surgeon, this study evaluated the findings of surgeries performed by a single surgeon, using a standardized surgical technique and a single TKA design. Consequently, the results of our study may not be generalizable. On the other hand, we believe that a strict control over the previously mentioned variables allowed us to study the role of the position of the extensor mechanism while avoiding bias. Implants with different kinematic design philosophies may exhibit different intraoperative load patterns. Second, the perception of adequate soft tissue balance varies between surgeons. In the present study all patients had an adequately balanced knee based on the technique and experience used by the senior author (AGDV) who has been devoted to hip and knee arthroplasty for the last 15 years. The average absolute pressure differential between compartments was low and ranged between 6.1 and 6.5 lb when the knee was held in relaxed extension and from 7.3 to 13.5 lb when the knee was held at 90°of flexion. The absolute load differential between compartments was within 15 lb in 209 of 224 load measurements (93.3%) taken with the knee in relaxed extension; and in 178 of and 224 load measurements (78%) taken with the knee in 90°of flexion. The femoral component rotation was determined by the epicondylar axis. The load patterns of surgeries performed following a gap balancing technique may differ. Third, the load measuring device used in our study was devoid of a central post. It is conceivable that the lack of a post in the sensor may have affected our results. In order to overcome this limitation, we did not consider the amount of femoral roll back as an outcome variable. In addition, almost all current instruments used for knee balancing are devoid of a post. Consequently, we believe that the load sensor device used in our study is likely to replicate the perception of balance obtained with other conventional devices (i.e. spacer block and tensiometer). Newer versions of this load measuring device manufactured for other PS TKAs have incorporated a central post. Fourth, knee balance is subjective and inter-observer variation in the perception of balance was not analyzed, however, this study focuses on analyzing the compartmental load changes with respect to patellar position in different knee positions during TKA. Therefore, assessing inter-observer reliability of knee balance may not be feasible. Lastly, the closure of the medial retinaculum was provisional and intentionally incomplete and actual measurements taken with a completely closed retinaculum may differ. A complete closure of the retinaculum with Table 2 and P values are displayed in Appendix Table 4 . Table 2 and P values are displayed in Appendix Table 5. the balancer in place would have been time consuming and may have potentially damaged the medial retinaculum. Based on a discussion of our limitations, we believe that we can accurately answer our research questions.
The medial and the lateral compartments exhibited a different load pattern throughout range of motion. The medial compartment loads gradually decreased with progressive flexion when the patella was dislocated (everted or not) or when the patella was located in the trochlea without provision retinacular closure. However, they remained relatively unaltered from relaxed extension to full flexion when the medial retinaculum was provisionally closed (Fig. 1) . Gejo et at, evaluated the effect of the patellar position on the dimensions of the medial and the lateral joint gap in a cadaveric model of a different posterior stabilized TKA design. The author simulated increasing quadriceps muscular forces [4] . The medial compartment gap was wider in flexion than in extension regardless of the amount of simulated quadriceps muscular load suggesting that the loads in the medial compartment decrease with knee flexion. However, with simulated muscular forces, they observed that the medial gap was narrower when the patella was dislocated than when the patella was located in the trochlea. In our in vivo study, the loads across the medial compartment remained stable only when the retinaculum was provisionally closed. Patellar dislocation (everted or not) diminished the loads in the medial compartment with increased flexion of the knee (Fig. 1) . Our findings suggest that the integrity of the medial retinaculum may have a stabilizing effect on medial compartment loads observed with progressive knee flexion.
Lateral compartment loads exhibited more variability than those of the medial compartment throughout range of motion (Fig. 2) . The variation in the load curves was highly dependent on the patellar position. There was less variability in the lateral compartment loads during flexion when the patella was in a physiologic position (with or without provisional retinacular closure). This further highlights the stabilizing effect of the extensor mechanism. At 45 and 90°of flexion the loads in the lateral compartment increased for all 4 patellar positions but were significantly higher when the patella was dislocated (everted or not) (Fig. 2-Appendix Table 2 ; available online at www. arthroplastyjournal.org). This finding suggests that the lateralized extensor mechanism acts as a lateral tether intraoperatively. Similarly, the lack of an "anterior" tether effect may explain the drop in pressures seen at full flexion when compared to the loads of the lateral compartment observed with the patella in a physiologic condition. The latter two findings have been observed by other investigators utilizing cadaveric [4] and intraoperative [7, 18] models. Yoshino et al evaluated a novel intraoperative load-measuring device for PS and CR TKAs in 50 knees with a preoperative varus mal-alignment. They observed that the position of the extensor mechanism (either physiologic or everted) had no effect in the total joint gap load in extension; however, at 90°o f flexion, there was a reduction in the gap loads when the patella was everted [18] . Matsumoto et al investigated gap geometry in 60 patients who underwent posterior stabilized TKA for a varus deformity. Gap geometry was assessed with a tensiometer throughout range of motion. A constant force of 40 lb was applied. The lateral gap was larger than the medial gap throughout range of motion [10] . Their findings suggest that the lateral compartment is more compliant than the medial compartment. Moreover, the magnitude of change was larger in the lateral compartment than in the medial compartment suggesting the lateral compartment soft tissue sleeve is more compliant than the medial compartment one. In our study, the dislocation of the patella (with or without eversion) was associated with an increase in lateral compartment loads at 45 and 90°of flexion. The loads on the medial side remained more constant suggesting that the soft tissue sleeve on the medial side may be more rigid that that of the lateral side. This has also been suggested by other investigators [15] . A progressive shift of loads from the medial to the lateral compartment was detected with progressive knee flexion regardless of the patellar position and/or the use of provisional retinacular closure (Fig. 3) . Such shift was more pronounced with the patella lateralized or everted (Fig. 4) . These observations further highlight the tethering effect of the extensor mechanism in 45 and 90°of flexion.
The sum of compartment loads was highest when the knee was held in full extension (Fig. 5) . A similar finding was seen during assessment of the medial compartment loads (Fig. 1) . This observation is likely due to posterior capsular engagement that occurs in gravity-assisted extension, which in turn, produces increased total compartment loads. Similar findings were reported by other investigators [10] . We observed a reduction in total loads in full flexion with the extensor mechanism lateralized or everted (Fig. 5) . This observation may be associated with the lack of anterior tethering effect produced by a physiologic position of the extensor mechanism. Gejo et al studied the intraoperative gap in 20 posterior stabilized TKAs throughout range of motion and with different positions of the extensor mechanism [5] . They observed no differences in the joint gap dimensions with the patella everted or in a physiologic condition from 0 to 60°of flexion. However, after 60°, the gap continued to widen when the patella was everted and narrowed when the patella was located in the trochlea [5] .
The substantial reduction in lateral compartment and total compartmental loads observed after 90°of flexion with the patella dislocated (everted or not) (Figs. 2 and 5 respectively) has clinical implications during the intraoperative assessment of soft tissue balance. The surgeon should be aware that the loads in the lateral compartment will be lower when the extensor mechanism is lateralized than when the extensor mechanism is an anatomic position. This phenomenon is likely to affect the dimensions of the flexion gap.
To our knowledge, our study is one of the first to determine the intraoperative loads in the medial and lateral compartment of the knee throughout range of motion and to study the effect of the extensor mechanism under four conditions. The provisional closure of the medial retinaculum is the position most likely to simulate in vivo conditions once the retinaculum has healed. The results of our study have implications to surgeons who follow an "anatomic technique" to determine the rotation of the femoral component and balance the flexion gap with the patella laterally dislocated. Medial and lateral joint loads are substantially affected by different intraoperative patellar positions. The dislocation of the patella with consequent lateralization of the extensor mechanism has the largest effect on the lateral joint space, particularly at 45 and 90°o f flexion. If the tethering effect of the extensor mechanism is not taken into account, the surgeon may inadvertently "over release" the lateral soft tissue sleeve at 90°of flexion. Once the extensor mechanism is located in the trochlea, the lateral loads are likely to decrease and the medial loads are likely to increase. Our observations made during surgeries performed with an anatomic resection technique, may also have implications to surgeons who prefer a gap balance technique. While determining the rotation of the femoral component with a lateralized extensor mechanism in knee flexion of 90°, the tethering effect of the extensor mechanism may force the surgeon to implant the femoral component in excessive internal rotation. It should also be acknowledged that subtle, inadvertent component malposition or malrotation could affect compartmental loads and that the results of our analysis may be different with the concomitant use of surgical navigation.
In summary, if the paradigm of achieving "rectangular and symmetric gaps" during TKA surgery is to be followed, devices that allow assessment of gap width and/or load with a physiologically positioned extensor mechanism may be necessary during surgery. 
